ABSTRACT: A dynamic balance between stem cell maintenance and differentiation paces generation of post-mitotic progeny during normal development and maintenance of homeostasis. Recent studies show that Notch plays a key role in regulating the identity of neuroepithelial stem cells, which generate terminally differentiated neurons that populate the adult optic lobe via the intermediate progenitor cell type called neuroblast. Thus, understanding how Notch controls neuroepithelial cell maintenance and neuroblast formation will provide critical insight into the intricate regulation of stem cell function during tissue morphogenesis.
INTRODUCTION
During mammalian cortical neurogenesis, neural stem cells initially divide symmetrically to expand their population and then divide asymmetrically to produce layer-specific neurons (Kriegstein and AlvarezBuylla, 2009 ). Thus, a dynamic balance between stem cell maintenance versus stem cell differentiation directly impinges on the pace of generating post-mitotic progeny in a developing tissue, but the underlying mechanisms remain virtually unknown. Neuroepithelial cells in the larval optic lobe first divide symmetrically to expand their population during first and second larval instar and become progressively converted into neuroblasts that divide asymmetrically to generate neurons in the third larval instar (Egger et al., 2007) . A recent study demonstrates that the mechanisms that regulate symmetric expansion of neuroepithelial cells and their subsequent conversion into neuroblasts appear to be distinct (Ngo et al., 2010) . Thus, elucidating the mechanisms that control conversion of neuroepithelial cells into neuroblasts will contribute critical insight into regulation of the balance between stem cell maintenance and differentiation during tissue morphogenesis.
Recent studies have shown that Notch plays a central role in regulating the identity of neuroepithelial stem cells in the developing larval optic lobe (Egger et al., 2010; Ngo et al., 2010; Reddy et al., 2010; Yasugi et al., 2010; Orihara-Ono et al., 2011; Wang et al., 2011) . Counterintuitively, while down-regulation of Notch signaling is necessary and sufficient to convert neuroepithelial cells into neuroblasts, the expression of Notch reporter transgenes becomes upregulated before the conversion. One study suggests that activation of the EGF receptor triggers increased Notch signaling and proposes that Notch and EGF signaling function cooperatively to assure the directional progression of conversion in neuroepithelia (Yasugi et al., 2010) . However, how Notch and EGF might function in concert to regulate conversion of neuroepithelia cannot be fully understood until several fundamental questions are addressed. What are the functional properties of the intermediate cell types during conversion of neuroepithelia into neuroblasts? What is the molecular basis by which Notch maintains the identity of neuroepithelial cells? What purpose does up-regulation of Notch signaling serve in neuroepithelial cells before their conversion into neuroblasts?
Consistent with the requirement of Notch signaling in maintaining neuroepithelial cell identity, its ligand Delta is detected throughout most neuroepithelia (Egger et al., 2010; Ngo et al., 2010; Reddy et al., 2010; Yasugi et al., 2010; Orihara-Ono et al., 2011; Wang et al., 2011) . While reducing the function of Delta throughout neuroepithelia leads to premature formation of neuroblasts, removing or over-expressing Delta in the mosaic clone located near the medial edge of neuroepithelia results in both accelerating and inhibiting formation of neuroblasts (Egger et al., 2010; Reddy et al., 2010; Yasugi et al., 2010; Orihara-Ono et al., 2011; Wang et al., 2011) . These data strongly suggest an intricate spatial regulation of Notch signaling by Delta in neuroepithelial cells, but the mechanisms are unknown. Delta can regulate the output of Notch signaling via two distinct mechanisms (Sprinzak et al., 2010; del Á lamo et al., 2011) . During trans-activation, Delta activates Notch signaling in the adjacent cell and the level of Delta directly correlates with the level of Notch signaling output. During cis-inhibition, however, above the threshold level of Delta inactivates Notch signaling in the same cell, so the level of Delta inversely correlates with the output of Notch signaling (Miller et al., 2009 ). cis-Inhibition of Notch signaling functions to sharply define the boundary between cells that show activated Notch signaling and the adjacent cells that lack activated Notch signaling.
From a genetic screen, we identified mutations in two genes required for activation of Notch signaling that led to the entire swath of neuroepithelial cells prematurely differentiating into neuroblasts. We focus our study on elucidating the mechanisms by which Notch signaling regulates maintenance and conversion of neuroepithelia in the outer proliferation center. We show that a low level of Notch signaling maintains the identity of neuroepithelial cells by suppressing the function of the pointedP1 (pntP1) gene via an Anterior open (Aop; also known as Yan)-dependent mechanism. An increase in Notch signaling functionally defines transitioning neuroepithelial cells near the medial edge of neuroepithelia, which are in the process of converting into future neuroblasts. Transient up-regulation of Notch signaling in transitioning neuroepithelial cells raises the threshold of response to PntP1 and functions to pace progressive conversion of the entire swath of neuroepithelia into immature neuroblasts in a medial-to-lateral orientation. The combination of abrupt down-regulation of Notch signaling and a high level of PntP1 triggers a synchronous conversion from transitioning neuroepithelial cells to immature neuroblasts. Our data strongly suggest that changes in Notch signaling dynamically balance maintenance and conversion of neuroepithelial cells during larval optic lobe morphogenesis.
RESULTS

Identification of Genes Required for Proper Development of Optic Lobe Neuroepithelia
Defining the functional characteristics of epithelialshape cells at the medial edge of neuroepithelia and the adjacent round-shape cells is pivotal for investigating the mechanisms that regulate conversion of neuroepithelial cells into neuroblasts [ Fig. 1(A-E) ; Supporting Information Movie S1]. Absence of EdU incorporation following a 3-h pulse labeling in epithelial-shaped cells at the medial edge of neuroepithelia and their adjacent round-shaped cells indicate that they are functionally distinct from the rest of neuroepithelia and neuroblasts [ Fig. 1(F-F@) ]. The epithelialshaped cells at the medial edge of neuroepithelia expressed PatJ but lacked Dpn and were named transitioning neuroepithelial cells [ Fig. 1 To gain insight into the mechanisms that regulate differentiation of neuroepithelia, we screened for zygotic lethal mutations induced by transposable P-element or ethyl methane sulfonate (EMS) that led to aberrant morphology in the third instar larval optic lobe. By using expression of the PCNA::3XEmGFP transgene (kindly provided by Dr. R. Duronio) to rapidly visualize all proliferating cells in the larval optic lobe, we identified three unique categories of mutants (Supporting Information Fig. S1 ). The neuroepithelia in the third instar optic lobe absent mutant larvae was extremely small despite continuous bodily growth overall. We never detected expansion of neuroepithelia and formation of neuroblasts in the second or the third instar optic lobe absent mutant larval optic lobe [Supporting Information Fig. S1 (C-D); data not presented]. Furthermore, we did not observe formation of the axonal bundle in the third instar optic lobe absent mutant optic lobe [ Fig. S1(E) ]. Together, these data indicate that the optic lobe absent mutations perturb initiation of proliferation in the post-embryonic optic lobe neuroepithelia. We mapped these mutations to the connector enhancer of KSR (cnk) and corkscrew (csw) genes, which have been shown to function in receptor tyrosine kinase signaling (Perkins et al., 1992; Van Vactor et al., 1996; Therrien et al., 1998; Kolch, 2005) . Consistent with a recently published study, removal of the EGF function also leads to the \optic lobe absent" phenotype (Yasugi et al., 2010) . Thus, the receptor tyrosine kinase signaling cascade plays a critical role in initiating neuroepithelial cell proliferation in the developing larval optic lobe.
The neuroepithelia in the third instar optic lobe expanded mutant larvae became overly expanded and partially overlapped. We detected continuous expansion of neuroepithelia and formation of neuroblasts in the second and the third instar optic lobe expanded mutant larvae [Supporting Information Fig. S1 (F-G); data not presented]. In addition, we observed formation of the funnel-shape neuropil in the third instar optic lobe expanded mutant larval optic lobe. Together, these data indicate that the optic lobe expanded mutation does not perturb proliferation of the optic lobe neuroepithelia and neuroblasts. We mapped this mutation to the fat gene, which encodes a critical activator of hippo signaling and regulates tissue growth (Zhao et al., 2010) . Our result is consistent with a recent study showing that fat-hippo signaling triggers transient cell cycle arrest in cells near the medial edge of neuroepithelia and inactivation of hippo signaling delays conversion of neuroepithelial cells into neuroblasts (Reddy et al., 2010) .
The third instar optic lobe prematurely lost mutant larvae contained a swath of neuroblasts in the place of neuroepithelia and a fragmented neuropil in the larval optic lobe ]. This category of mutants consisted of two mutations mapped to the o-fucosyltransferase 1 (o-fut1) and anterior pharynx defective 1 (aph-1) genes, which encode critical activator proteins of Notch signaling (Francis et al., 2002; Okajima and Irvine, 2002; Bray, 2006) . and aph-1 5072/Df mutant larvae, we conclude that aph-1 5072 is a strongly hypomorphic mutant allele of the aph-1 gene. We next tested if the \optic lobe prematurely lost" phenotype observed in o-fut1 or aph-1 mutant larvae might be due to inactivation of Notch signaling. While the Notch reporter E(spl)mc-GFP co-localized with Deadpan (Dpn) in many neuroblasts in the second instar o-fut1 or aph-1 mutant larval brain, E(spl)mc-GFP completely diminished from neuroblasts in the third instar mutant larval brain [ Fig. S1 (P-S)]. Coincidentally, neuroepithelia was present in the second instar o-fut1 or aph-1 mutant larvae, but became lost in the third instar mutant larvae [ Fig. S1 (P-S)]. Together, these results support our hypothesis that inactivation of Notch signaling Defining the spatial pattern of Notch signaling will be key toward elucidating the mechanisms by which Notch regulates conversion of neuroepithelia into neuroblasts. We examined expression of the Notch reporter E(spl)mc-GFP and detected GFP expression only in cells located at and near the medial edge of neuroepithelia [ Fig. 2 (A-A@ 0 )]. This result led us to hypothesize that Notch signaling becomes upregulated in transitioning neuroepithelial cells but down-regulated in immature neuroblasts. Indeed, E(spl)mc-GFP co-localized with PatJ across two-tothree neuroepithelial cells located at the medial edge of neuroepithelia, but was undetectable in the adjacent PatJ
In addition, we did not detect any EdU incorporation in the neuroepithelial cells that expressed E(spl)mc-GFP following a 3-h pulse labeling [Figs. 2(C-C 0 ) and Supporting Information Fig. S3(A-A  0 ) ]. These data indicate that Notch signaling becomes transiently up-regulated in transitioning neuroepithelial cells, but abruptly down-regulated in immature neuroblasts [ Fig. 2(F) ].
The spatial expression pattern of E(spl)mc-GFP appeared to contradict with the requirement of Notch signaling for the maintenance of neuroepithelial cells. One possibility might be that cells located laterally from transitioning neuroepithelial cells show a too low level of activated Notch to trigger expression of the E(spl)mc-GFP transgene. We tested this hypothesis by over-expressing Notch intra for 24 h in the RFP-marked neuroepithelial cell clone in larvae that carry the E(spl)mc-GFP transgene. Pulsed-expression of Notch intra induced cell autonomous expression of E(spl)mc-GFP in all RFP-marked clones located laterally from transitioning neuroepithelial cells 
Delta Regulates Changes in Notch Signaling During Conversion of Neuroepithelia into Neuroblasts
To investigate how Delta might spatially regulate Notch signaling in neuroepithelial cells, we first co-localized the endogenous Delta protein with PatJ and E(spl)mc-GFP in neuroepithelial cells. While low Delta expression was detected throughout neuroepithelia lacking E(spl)mc-GFP, moderate Delta expression co-localized with E(spl)mc-GFP in transitioning neuroepithelial cells [ Fig. 3 (A-A@ 0 )]. Most intriguingly, Delta expression peaked in immature neuroblasts immediately adjacent to transitioning neuroepithelial cells, but became undetectable in the rest of immature neuroblasts [ Fig. 3 (A-A@ 0 )]. Thus, the expression profile of Delta closely resembles the change in Notch signaling throughout neuroepithelia. We next examined how Delta regulates the dynamic change in Notch signaling in neuroepithelia by transiently over-expressing a UAS-Delta transgene for 24 h in the neuroepithelial cell clone in larvae carrying the E(spl)mc-GFP transgene. Over-expression of Delta in the RFP-marked clone located laterally from transitioning neuroepithelial cells led to aberrant expression of E(spl)mc-GFP cell non-autonomously, [ Fig. 3(B-B  0 ) ; N ¼ 6]. Since previous studies show that reducing function of Delta throughout neuroepithelia triggers premature formation of neuroblasts, our result suggests that the low level of Delta expression trans-activates Notch signaling during maintenance of neuroepithelia. In contrast, over-expression of Delta strikingly abolished E(spl)mc-GFP expression cell autonomously in the clone located in transitioning neuroepithelial cells, indicating that Delta can cis-inhibit Notch signaling during conversion of neuroepithelia into neuroblasts [ Fig. 3 (C-C 0 ); N ¼ 10]. This result also suggests that the peak level of Delta expression in immature neuroblasts likely abrogates Notch signaling in the adjacent transitioning neuroepithelial cells. Thus, we propose that trans-activation of a low level of Notch signaling by Delta contributes to maintenance of neuroepithelia whereas cis-inhibition of Notch signaling by Delta triggers the conversion from transitioning neuroepithelial cells to immature neuroblasts [ Fig. 3(D) ].
Notch Maintains the Identity of Neuroepithelial Cells via Aop
We took a candidate gene approach to test if aop might act downstream of Notch during maintenance of the neuroepithelial cell identity for the following reasons. First, the synchrony of neuroepithelial cell conversion into neuroblasts across the entire neuroepithelial swath resembles the morphogenic furrow sweeping across the larval eye-antennal imaginal disc (Hsiung and Moses, 2002; Doroquez and Rebay, 2006) . Notch plays an important role in regulating eye morphogenesis by directly activating the aop gene (Rohrbaugh et al., 2002) . Second, a recent study shows that Notch regulates maintenance of adult muscle progenitor cells by directly activating aop gene transcription (Rohrbaugh et al., 2002; Krejcí et al., 2009) . We attempted to investigate whether Aop is expressed in neuroepithelia by using a specific antibody, but failed to detect any specific expression patterns presumably due to a very low level of the endogenous Aop protein (data not presented). As an alternative approach, we analyzed expression of an aop-lacZ reporter transgene whose expression pattern largely mimics endogenous Aop in the developing eye disc (Rohrbaugh et al., 2002 ). We detected a low level of Aop-lacZ expression throughout most neuroepithelia in a non-overlapping pattern with E(spl)mc-GFP [ Fig. 4 (A-A 0 ); N ¼ 5]. Thus, we conclude that aop is expressed in neuroepithelia located laterally from transitioning neuroepithelial cells.
We combined loss-and gain-of-function analyses to determine the function of aop in neuroepithelial cells. We induced the GFP-marked mosaic clone derived from aop mutant neuroepithelial cells and assessed the identity of cells within the clone. While wild-type cells located directly adjacent to the clone maintained expression of the neuroepithelial cell marker PatJ, all cells within the aop mutant clone expressed the neuroblast marker Dpn [Fig. 4(B-B  0 ) ]. The high efficiency in aop mutant clone induction led to widespread premature formation of neuroblasts throughout neuroepithelia, indicating that aop is necessary for maintenance of neuroepithelia [ Fig. 4(B-B  0 )]. We next tested whether down-regulation of aop is necessary for formation of optic lobe neuroblasts by over-expressing a UAS-aop transgene in the neuroepithelial cell clone. Neuroepithelial cells in the control clone assumed the neuroblast identity synchronously with the cells outside of the clone [ Fig. S2 (E-E 0 )]. In contrast, neuroepithelial cells in the clone over-expressing aop expanded beyond the medial edge of neuroepithelia and were surrounded by neuroblasts outside of the clone [ Fig. 4 (C-C@ 0 ); N ¼ 11]. Importantly, the aop over-expressing clone also contained many immature neuroblasts and some neuroblasts, leading us to conclude that expression of Aop significantly delays but does not prevent conversion of neuroepithelial cells into neuroblasts [ Fig. 4 (C-C@ 0 ); N ¼ 11]. Taken together, these data indicate that Aop is necessary for maintenance of neuroepithelia and down-regulation of Aop promotes efficient formation of neuroblasts.
We next examined whether aop functions downstream of Notch to maintain neuroepithelial cell identity. In the absence of Notch function, neuroepithelial cells became converted into neuroblasts prematurely and delaminated inward from the rest of wild type neuroepithelia [ Fig. S2(D) ]. In contrast, over-expression of aop prevented Notch mutant neuroepithelia from becoming converted into neuroblasts prematurely and allowed them to undergo conversion into neuroblasts as the adjacent neuroepithelial cells outside of the clone [ Fig. 4 (D-D@ 0 ); 82%, N ¼ 11]. Thus, Notch maintains the neuroepithelial cell identity via an Aop-dependent mechanism, but the conversion from neuroepithelial cells into neuroblasts occurs via an Aop-insensitive mechanism.
Transcriptional repression of the pntP1 gene is a well-established mechanism by which Aop regulates various cell responses in the context of development (Hsiung and Moses, 2002; Doroquez and Rebay, 2006) . Thus, we hypothesized that premature conversion of neuroepithelial cells into neuroblasts in the aop mutant optic lobe might be due to increased pntP1 function. We tested this hypothesis in the sensitized aop 1/yan1 mutant genetic background, in which 66.7% of the mutant larvae show premature formation of neuroblasts interrupting the neuroepithelial swath in the outer proliferation center [ Fig. 4 (E-E 0 ); N ¼ 12]. In contrast, heterozygosity of the pntP1-specific mutant allele (pnt 
Up-regulation of Notch Signaling in Transitioning Neuroepithelial Cells Increases the Threshold of Response to PntP1
Since decreased pntP1 function suppressed premature formation of neuroblasts in the aop mutant optic lobe, we tested if pntP1 regulates conversion of neuroepithelial cells into neuroblasts. We first determined the expression of pntP1 by immunostaining and observed endogenous PntP1 largely co-localizing with E(spl)mc-GFP in transitioning neuroepithelial cells but also is detectable in immature neuroblasts [ Fig. 5(A-A  0 ) ]. The expression pattern of PntP1 led us to propose that pntP1 regulates the conversion of transitioning neuroepithelial cells into immature neuroblasts. We tested this hypothesis by generating negatively marked mosaic clones derived from pnt D33 (pntP1-specific allele) mutant neuroepithelial cells and assessed the identity of cells within the clone spanning across the medial edge of neuroepithelia by using Delta as the marker. Cells in the wild type twin-spot clone showed abrupt down-regulation of Delta synchronously with cells outside of the clone [ Fig. 5(B-B@) ]. In contrast, multiple rows of cells in the pntP1 mutant clone maintained robust expression of Delta despite locating beyond the medial edge of neuroepithelia as determined by sparse Delta expression in the surrounding cells located outside of the clone [ Fig. 5(B-B@) ]. This result indicates that pntP1 is necessary for a timely conversion of transitioning neuroepithelial cells into immature neuroblasts, but additional parallel signaling mechanisms must also exist as Delta expression eventually became downregulated.
The pnt locus encodes at least two protein isoforms P1 and P2 and PntP2 can compete with Aop for binding to the promoter of various target genes including pntP1 (Hsiung and Moses, 2002; Doroquez and Rebay, 2006) . However, we could not directly test if pntP2 regulates differentiation of neuroepithelia because the pntP2-specific pnt D78 mutant allele failed to complement the pnt D33 mutant allele in our hands. Instead, we over-expressed a UAS-pnt RNAi transgene that targets the common coding region for all pnt transcripts in the neuroepithelial cell clone and assessed the fate of cells within the GFP-marked clone located medially from the edge of neuroepithelia. Ten or more rows of neuroepithelial cells in 77.8% of the pnt mutant clones expanded beyond the medial edge of neuroepithelia, and became surrounded by neuroblasts located outside of the clone [ Fig. 5 (C-C@ 0 ); N ¼ 9]. Thus, simultaneously reducing all transcripts from the pnt locus prevented conversion of neuroepithelial cells more efficiently than removing the function of pntP1 alone. Thus, a successful conversion from transitioning neuroepithelial cells to neuroblasts likely requires both pntP1 and pntP2.
We extended our analyses to test whether overexpression of pntP1 is sufficient to prematurely convert neuroepithelial cells into neuroblasts by transiently over-expressing a UAS-pntP1 transgene in the GFP-marked neuroepithelial cell clone. We then assessed whether neuroepithelia located laterally from transitioning neuroepithelial cells might show up-regulation of Delta. While wild type cells located immediately surrounding the clone showed a very low level of Delta expression, cells within the clone showed dramatic elevated expression of Delta [ Fig. 5(D-D@  0 ) ; N ¼ 16]. We prolonged over-expression of pntP1 and assessed the identity of the cells within the GFPmarked clone. Neuroepithelial cells in the clone became prematurely converted into neuroblasts and delaminated inward away from the rest of neuroepithelia [ Fig. 5 (E-E 0 ); N ¼ 12]. Thus, over-expression of pntP1 is sufficient to trigger premature conversion of neuroepithelial cells into neuroblasts.
Since the expression of pntP1 is critical for converting transitioning neuroepithelial cells into neuroblasts, we tested whether constitutively activated Notch signaling prevents formation of neuroblasts by repressing pntP1 expression. We over-expressed Notch intra in the neuroepithelial cell clone and then assessed the identity of cells within the GFP-marked clone located at the edge of neuroepithelia. Unexpectedly, most cells in the clone resembled transitioning neuroepithelial cells in that they maintained the epithelial cell morphology and expressed PntP1 [ Fig. 5(F-F@) ; N ¼ 10]. This result was surprising since over-expression of pntP1 efficiently converted neuroepithelial cells into neuroblasts prematurely. One possible reason that neuroepithelial cells showing constitutively activated Notch signaling fail to become converted into neuroblasts despite expressing PntP1 is that their threshold of response to PntP1 might not have been reached. We tested this hypothesis by co-expressing Notch intra and pntP1 in the GFP-marked clone derived from neuroepithelial cells. Consistent with our hypothesis, neuroepithelial cells in 80% of the clones assumed the neuroblast fate as indicated by the absence of the epithelial cell morphology and expression of Dpn 
DISCUSSION
A deregulated conversion of neuroepithelial cells into neuroblasts perturbs formation of the neuronal network and will almost certainly lead to visual impairment of the adult fly. Thus, a dynamic balance between neuroepithelial cell maintenance and differentiation plays a pivotal role during morphogenesis of the optic lobe. In this study, we provide evidence that changes in Notch signaling regulate the dynamic balance between maintenance of neuroepithelial cells and formation of neuroblasts (Fig. 6) . A low level of Notch signaling maintains the neuroepithelial cell identity by triggering Aop-dependent repression of the pntP1 gene. Transient up-regulation of Notch signaling in transitioning neuroepithelial cells raises their threshold of response to PntP1 preventing them from precociously converting into immature neuroblasts. Finally, abrupt down-regulation of Notch signaling together with a high level of PntP1 trigger the conversion from transitioning neuroepithelial cells into immature neuroblasts at the medial edge of neuroepithelia. Thus, interplay between changes in Notch signaling and transient up-regulation of pntP1 orchestrates synchronous and progressive formation of neuroblasts in a medial-to-lateral orientation across the entire neuroepithelial swath.
Maintenance of Optic Lobe Neuroepithelia
Lack of Notch reporter transgene expression throughout neuroepithelia located laterally from transitioning neuroepithelial cells has been perplexing in light of recent studies reporting that Notch signaling is necessary for maintenance of their identity. One possibility might be that these Notch reporter transgenes including E(spl)mc-GFP might not contain all necessary regulatory response elements to respond to Notch signaling in most neuroepithelial cells. Alternatively, the level of Notch signaling might simply be too low to activate the expression of the Notch reporter transgene. We favor the second hypothesis for the following reasons. Since over-expression of Notch intra is sufficient to trigger robust cell autonomous expression of E(spl)mc-GFP in neuroepithelia located laterally from transitioning neuroepithelial cells, this transgene does contain all necessary regulatory elements to respond to a high level of Notch signaling. Furthermore, the Notch ligand Delta is expressed in a low level throughout neuroepithelia located laterally from transitioning neuroepithelial cells and Delta likely functions to trans-activate Notch signaling in these cells. In the context of trans-activation of Notch signaling by Delta, the level of the ligand correlates with the level of signaling output (Sprinzak et al., 2010; del Á lamo et al., 2011) . Taken together, we conclude that maintenance of the neuroepithelial cell identity requires a low level of Notch signaling.
We propose that Notch maintains the identity of neuroepithelial cells by activating Aop-dependent repression of the pntP1 gene. The Suppressor of Hairless protein, which is necessary for activating transcription of Notch targets genes, directly binds to the promoter of the aop gene (Rohrbaugh et al., 2002; Krejcí et al., 2009) . Furthermore, removing the Notch or aop function triggered premature conversion of neuroepithelia into neuroblasts whereas overexpressing Notch or aop prevented conversion of neuroepithelial cells into neuroblasts. Most importantly, over-expression of aop suppressed premature differentiation of Notch mutant neuroepithelial cells. Finally, heterozygosity of the pntP1 gene completely suppressed premature conversion of neuroepithelial cells into neuroblasts in a hypomorphic aop mutant genetic background. These data lead us to conclude that Notch signaling maintains the identity of neuroepithelial cells by activating an Aop-dependent repression of pntP1. In the future, analyses of Notch and pntP1 double mutants will be necessary to confirm this regulatory mechanism.
The Conversion from Transitioning Neuroepithelial Cells to Immature Neuroblasts
Down-regulation of Notch signaling is necessary for formation of neuroblasts, so transient up-regulation of Notch signaling in transitioning neuroepithelial cells appears rather counterproductive. One possibility might be that up-regulation of Notch signaling paces the conversion from transitioning neuroepithelial cells into neuroblasts by increasing their threshold of response to PntP1. Consistent with this hypothesis, constitutively activated Notch signaling prevented transitioning neuroepithelial cells from becoming converted into neuroblasts despite expressing PntP1. This hypothesis was further supported by co-expression of pntP1 overcoming the blockade by constitutively activated Notch signaling and restoring conversion of transitioning neuroepithelial cells into neuroblasts. Thus, we propose that up-regulation of Notch signaling in transitioning neuroepithelial cells raises their threshold of response to PntP1 and functions to prevent them from becoming converted into immature neuroblasts precociously. Such an elaborated mechanism only permits transitioning neuroepithelial cells expressing the highest level of PntP1 to convert into immature neuroblasts. This mechanism is consistent with a recent study reporting that the EGF ligand is processed and secreted by cells near the medial edge of the optic lobe neuroepithelia (Yasugi et al., 2010) . As a result of simple diffusion, transitioning neuroepithelial cells at the medial edge of neuroepithelia will be exposed to the highest level of the EGF ligand and will express the highest level of PntP1. As such, EGF signaling likely creates a vector field establishing the directionality of conversion from neuroepithelial cells into neuroblasts whereas Notch signaling refines the functional output of EGF signaling by raising the threshold response to PntP1.
Many important questions arise from this highly plausible mechanism by which the interplay between Notch and EGF signaling paces synchronous conversion of neuroepithelial cells into neuroblasts one row at a time. This model will predict that immature neuroblasts immediately adjacent to transitioning neuroepithelial cells should secrete the processed EGF ligand. However, the antibody specific for the Rhomboid (Rho) protease required for proteolytic activation of the EGF protein is currently unavailable and a genomic fragment encompassing the rho-1 locus tagged with YFP did not show detectable expression in the larval optic lobe (Weng and Lee, unpublished observation). Alternatively, a recent study shows that pntP1 is a direct target of Notch in vivo (Krejcí et al., 2009 ). Thus, up-regulation of Notch signaling might directly activate transcription of the pntP1 gene in transitioning neuroepithelial cells. Since Notch signaling becomes abruptly down-regulated at the medial edge of neuroepithelia, it is highly possible that the threshold of response to PntP1 also becomes lowered in the same cells. Thus, the pre-existing level of PntP1 protein will likely be sufficient to trigger the conversion from transitioning neuroepithelial cells into immature neuroblasts. More experiments including identification of the cell type from which the processed EGF ligand is released and a direct test to confirm the role of EGF signaling during conversion of neuroepithelia into neuroblasts will be key to distinguish these two possible mechanisms.
Other Signaling Mechanisms that Affect Differentiation of Neuroepithelial Cells
The fat-hippo signaling mechanism controls tissue growth by regulating proliferation and cell death and promotes timely differentiation of optic lobe neuroepithelial cells (Reddy et al., 2010; Zhao et al., 2010) . While inactivation of fat-hippo signaling delays conversion of neuroepithelia into neuroblasts, removal of the downstream effecter yorkie only accelerates the conversion near the medial edge of the optic lobe neuroepithelia (Reddy et al., 2010) . Thus, fat-hippo signaling likely functions as a gatekeeper to prevent over-growth of optic lobe neuroepithelia by triggering transient cell cycle arrest. Intriguingly, transient cell cycle arrest precedes increased Notch signaling in transitioning neuroepithelial cells. Detailed studies in the future will be necessary to determine whether activation of the fat-hippo signaling might contribute to increased Notch signaling in transitioning neuroepithelial cells.
EXPERIMENTAL PROCEDURE Fly Genetics and Transgenes
o-fut1
2834 , aph-1 5072 , and fat 3477 alleles were recovered from EMS mutagenesis following a standard protocol. Drosophila cultures were kept at 258C on standard cornmeal food. Other mutant alleles and transgenes used in this study include pcna-3XEmgfp (R. Duronio), o-fut1 4R6 (Sasamura et al., 2007) , E(spl)mc-gfp (Wech et al., 1999) , UAS-Notch intra (Chung and Struhl, 2001) , aop-lacZ (Rohrbaugh et al., 2002) , hs-flp; FRT40A, tub-Gal80; tub-Gal4, UAS-mCD8-GFP (Izergina et al., 2009 ), FRT19A, tub-Gal80, hs-flp; UAS-mcd8::GFP (Bayraktar et al., 2010) , rho-1-YFP (Yogev et al., 2010) . The following stocks were obtained from the Bloomington Stock Center: tub-Gal4, hs-flp(F38), act-FRT-CD2-FRTGal4, UAS-GFP, act-FRT-CD2-FRT-Gal4, UASmRFP, UAS-mCD8-GFP, tub-GAL80 ts , GH146-Gal4, UAS-delta, UAS-aop.WT, 
Immunofluorescent Microscopy and Antibodies
Larval brains were dissected in Schneider's medium and fixed in PBS containing 0.3% Triton X-100 (PBS-T) containing 4% Formaldehyde for 23 min at room temperature; quickly washed in PBS-T; incubated in primary antibodies diluted in PBS-T for 3-4 h at the room temperature or overnight at 48C. After quick washing with PBS-T, the specimen was incubated in secondary antibodies in PBS-T at the room temperature or overnight at 48C. After quick washing in PBS-T, the specimen was equilibrated in Prolong
